The compact and harmonious layout of ads and text is a fundamental and costly step in the production of commercial telephone directories (Ÿellow Pages). We formulate a canonical version of Yellow-Pages pagination and layout (YPPL) as an optimization problem in which the task is to position ads and text-stream segments on sequential pages so as to minimize total page length and maximize certain layout aesthetics, subject to constraints derived from page-format requirements and positional relations between ads and text. We present a heuristic-search approach to the YPPL problem. Our algorithm has been applied to a sample of real telephone-directory data, and produces solutions that are significantly shorter and better than the published ones.
Introduction
The problem of Yellow-Pages YP pagination and layout YPPL is one of nding a compact and harmonious positioning of text and advertisements on the pages of a commercial telephone directory. Figure 1 depicts a sample page from a commercial Yellow Pages directory. We use this gure to de ne some useful terminology. Regular ads, which can span more than one column horizontally, are arranged on the page in a packing. The text stream giving listings in alphabetic order including in-line ads that are considered part of the text stream is used to ll in the remaining space. Any space remaining after the ads and text are placed is lled with ller material, and is essentially wasted space. The ller material can befurther subdivided into bubbles, space trapped underneath an ad, and padding, space added at the end of a text column to adjust the assignment of text to columns and pages.
The compactness criterion derives directly from cost: fewer pages make for lower printing costs. Since the ad and text streams are xed, compactness is achieved by reducing the amount of ller. A typical YP directory in the United States contains approximately 10 wasted space. With 350,000,000 commercial directories printed annually in the United States alone 18 , the wastage is considerable. Thus the achievement of more compact layouts without sacri cing layout quality could bevery useful. Of course, improving layout quality at the same time would be even better.
Layout quality is characterized by a notion of harmonious placement, which comprises various layout criteria and conventions relating to page-format requirements and text-ad relationships. These criteria and conventions vary from country to country and publisher to publisher. In this paper, we consider an idealization of the version of YPPL used by most YP publishers in the United States, though the method we propose, because it is based on a w eak stochastic optimization algorithm, is applicable to widely di erent notions of layout quality. In the present version, ads and text are laid out in a four-column format, with the text positioned above the ads in each column. Each regular ad is required to be in the same section as its corresponding entry in the text stream, that is, on the same page as the start or end of the appropriate section, or on some page in between. Smaller ads cannot appear on an earlier page than larger ads within a section. Furthermore, it is desirable to have ads as close to the start page of a section as possible. Finally, the text stream should not be broken infelicitously for example, placing a column break immediately after a section heading.
Previous Work
Document-formatting problems arise in the production of all kinds of published material. Early research in this area focused on text formatting 12, 4, 9 . True pagination and pagelayout problems have received less attention, though the eclectic nature of the little work that has been done 13, 7, 14, 1, 17, 6, 5 illustrates the broad range of problems that arise and the solutions that might be applied to them.
Of previously reported approaches, the three most relevant for general pagination and MERL-TR-96-29 October 1996
Figure 1: A sample page from the NYNEX Yellow P ages.
page-layout tasks are those that use dynamic programming, rule-based methods, and constraintbased methods. The YPPL problem is an inherently di cult one, as it involves two variants of the bin packing problem initially for ad placement and then for text-stream breaking in the resulting available space. Of course, some quite similar variants of bin packing are e ciently solvable by dynamic programming. For instance, the optimal line-breaking problem, which bears close resemblance to the text-stream breaking problem, is solvable in linear time by a dynamic programming algorithm 9 . However, since text-stream breaking relies on the con guration of ads, and ad placement relies on the positioning of text in particular, on the placement o f the section headers, the two must besolved together; any dynamic-programming solution must handle ads as well as text. Since certain simple variants of the ad-placement problem are trivially NP-hard by reduction from bin-packing no such polynomial-time solution is likely to exist for these variants.
However, certain restricted variants of YPPL, namely those in which ads must be retained in a speci c order, may be amenable to dynamic programming solutions along the lines of the page-layout algorithms of 13 . There are two disadvantages with pursuing this possibility. First, though the resulting algorithms are polynomial, their degrees would be prohibitive t o use in practice. Second, variation among YPPL problems in their particulars is large; any given dynamic-programming solution would be for a particular highly constrained variant of the problem, whereas the heuristic methods we propose here are much more general in application.
The rule-based approach has been applied to the YPPL problem and its newspaper MERL-TR-96-29  October 1996 equivalent, apparently with moderate success 1, 14 . While rule-based systems may be quite useful in an assisting role, and if-then" rules may even a ord a convenient way of de ning an objective function operationally, it seems unlikely that they are suitable for full automation of what is a very challenging combinatorial-optimization problem. Rule-based approaches to cartographic label placement another computationally challenging graphical layout problem were also once considered to be very promising, but now appear to have been superseded by other forms of heuristic search and optimization 19, 2 . Graf et al. have recently described the use of constraint-based methods for YPPL 5 . An implemented system based on their technology is being tested at several sites, but no assessment of its e ectiveness has been reported yet.
Overview of Approach
Our approach to automatic YPPL uses a heuristic search technique, simulated annealing 8, 16 . The naive application of stochastic techniques like simulated annealing to complex and intractable problems is often fruitless; this is true of the YPPL problem as well. To use stochastic search e ectively, one often needs to craft an appropriate representation for candidate solutions, and a set of e ective perturbation operators that transform one candidate solution into a closely related neighboring" solution. The main contribution of this paper is a candidate-solution representation and a set of perturbation operators that enable simulated annealing to beused e ectively for YPPL. We have tested our algorithm by applying it to samples of actual YP data.
We begin by describing the problem and its variants in a more precise manner x 2. We then describe our algorithm in detail x 3. After a presentation of empirical results x 4, we conclude with a discussion of the capabilities and limitations of our current approach x 5.
Problem De nition
The YPPL problem is a combinatorial optimization problem. In this section, we describe the space of problem instances, the space of solutions for a given instance, and various objective functions that might b e optimized over the solution space.
A problem instance is de ned by the text and ad streams and the page format:
Text stream: An appropriately alphabetically ordered list of text entries including section headers, each with a speci cation of its height and whether or not it constitutes a section header. Width of entries is uniformly one column, thus requiring no overt speci cation. For present purposes, in-line ads can be thought of as text entries with unusually large heights.
Ad stream: A speci cation of the height, width, and matching text entry for each ad. The section that an ad is associated with is determined by the section within which the matching text entry falls.
Page format: The page size, given by numberof columns and column height.
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A solution to such a problem instance comprises the following data:
Text breaks: A speci cation of the entries before which column breaks occur. Since some columns may h a ve no text in them, multiple column breaks may precede a given text entry.
Ad placement: A speci cation of the page and row and column position of each ad. Of course, many such solutions" will be ill-formed. For instance, ads or text may o verlap or protrude o the page. Furthermore, even if no such problems occur, the ads may be placed poorly, far away from the section in which the ad should occur. In summary, the space of solutions characterized in this way includes a vast numberof poorsolutions. Nonetheless, this is an especially simple and direct characterization of the solution space. We leave it to the objective function to quantify the quality of a solution. Important components of an objective function include: syntactic considerations, such as elimination of overlapping ads or over owing text, required to make the solution well-formed; compactness considerations, so that shorter layouts are preferred over longer layouts; and layout quality, s o that ads are placed within and near the beginning of their sections, column breaks are reasonable, and so forth.
The particular objective function that we use here is an idealization of the version of YPPL used by most YP publishers in the United States. In this scheme, the ads must appear within the pages of the section that they are associated with, preferably as close to the beginning of the section as possible, and ads within a section must be ordered by size from largest to smallest. A precise formulation of the objective function as a weighted sum of costs to beminimized is deferred to the next section, but the evaluative criteria are described in Table 1 . For example, syntactic well-formedness requires that ads not over ow the boundaries of a page. Compactness prefers layouts with fewer pages. Finally, layout quality is promoted by costs that, for example, penalize ads out of their section or out of size order.
Given a complete problem instance, the YPPL problem is to position the ads and textstream segments on sequential pages so that the page-format requirements are met and the objective function is minimized. In practice, large YPPL problems must bebroken up into smaller subproblems, which are solved independently and whose results are concatenated to give a nal complete solution. For instance, a 1000-page YP directory might be laid out using an overlapping window" technique. Material comprising roughly the rst 50 pages would be laid out, with the nal page likely being only partially lled. The ads and text on this nal page plus the next 50 pages or so of material make up the next window to be laid out, and so forth. Thus, about 20 runs of 50 pages each w ould lay out the entire directory. An alternative but more costly strategy would beto increase the overlap between the windows using the material from the last several pages in the subsequent window. For either decomposition strategy to work well, it is important that the subproblems beas large as possible so that full advantage can be taken of all the combinatorial possibilities for each subproblem, and it is essential that the subproblems be solved well. The near-optimal solution of 40-to 50-page instances of the YPPL problem is therefore the focus of the current paper. The amounts of padding at the end of each text column should be approximately equal. 3 Algorithm Description
The key to an e ective heuristic search method for the YPPL problem is to nd a method for representing solutions indirectly, such that poor solutions are never considered at all. By contrast, imagine a direct implementation of a heuristic search method that generated solutions as text break and ad-placement speci cations, using some stochastic search method such as random descent, simulated annealing, a genetic algorithm, etc. Search within this space would be hopeless, as most solutions are ill-formed and searching neighbors of such poor solutions provides insu cient direction toward nding even a plausible, let alone highquality, solution.
The conclusion to draw, however, is not that stochastic search is inappropriate for the problem, but rather that the representation of the search space is inadequate. We m ust nd a representation for candidate solutions that uses problem-speci c information to facilitate searching. The most important aspect of our research is just such a representation scheme. We propose a representation for candidate solutions, which can be decoded into full text break and ad-placement information, but which does not specify this information literally.
Candidate-Solution Representation
We start by sorting the ads by section, and within each section by ad size. A candidate solution then comprises the following data:
Ad-stream page breaks: Indices into the sorted ad stream that indicate where page breaks occur. From this, an ordered list of ads can becomputed for each page. This therefore indirectly provides page information for the ads. Ad columns: The column positions of the ads on their respective pages; for ads that span multiple columns, the assigned column is conventionally taken to be the leftmost one.
Padding allotments: Minimum amounts of padding ller at the end of a text column for each page. The addition of extra padding through the padding allotments provides a method for the representation to control at which pages sections start and end.
This representation leaves two major aspects of a complete pagination and layout solution unspeci ed. First, although ads are assigned to a speci c page and column or columns in this representation, the row positions on their respective pages are not given in a candidate solution. Second, neither pagination nor layout of the text is speci ed explicitly. Deriving a complete pagination and layout from a candidate solution requires a decoding process. This decoding process entails the following steps see Figure 2 :
The idea of including a decoding step in the representation of candidate solutions comes from the evolutionary-computation community 3 . This particular decoding process generates page layouts in which text is placed above ads within each column. This is consistent with standard practice, e.g., that of the Paci c Bell Yellow P ages. However, if desired, an alternative decoding process could be used, e.g., one that places ads atop each page, or one that attempts to interweave ads and text in a more complex way. The main requirement is that it achieve a compact arrangement of ads on a page.
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1. Packing: The ads assigned to each page are placed in order, by moving each ad as far down as possible in its columns without causing overlap before the next ad is considered. In the gure, ad 1 is assigned to column 3, ad 2 is assigned to column 1, and ads 3 and 4 are assigned to column 2. When they drop into their respective columns in order, the ads stack as shown in the gure. 2. Text-stream routing: The text stream is routed through the space above the ads in each column, placing as much text into each column as will t without requiring a break in the text stream after a section header. This process stops for each page before the ad areas, bubble areas, padding allotment, and text area together exceed the page capacity. In the gure, some padding is left at the end of column 2 to ensure that the column does not end with a section header. A larger amount of padding is left at the end of column 4 to ensure that the page meets its minimum-padding requirement.
Once the decoding process has been applied to a candidate solution, the resulting pagination and layout can be evaluated using the objective function in Table 2 . This table presents the actual terms and weights used to implement the general criteria of Table 1 .
This representation together with its decoding process has the property that it is impossible to represent a solution that includes overlapping ads, because the packing step of the decoder positions the ads in a nonoverlapping manner. Similarly, ads must occur in size order, as they are initially sorted that way. The decoder also guarantees that text ts within the available area above the ads, and that columns do not end in section headers. Thus, the cost terms overlap, ads out of size order, and bad text break are guaranteed to be optimized and are not needed in the objective function; the search process does not need to search through solutions failing these most important criteria.
On the other hand, solutions with ad over ow or ads out of section are still representable; the search process is used in part to reduce such o ver ows. Therefore, the terms overflow and out of section must still beincluded in the objective function in order to strongly disfavor very undesirable candidate solutions. But given their inclusion, the two additional terms overflow area and distance out of section introduced in Table 2 may appear redundant. However, without these proportional terms, layouts with any o ver ow or out-ofsection ads would beconsidered equivalent, regardless of the degree of the infraction. The lack of a quantitative distinction between layouts with a little over ow and those with a lot respectively, between layouts with few ads out of section and those with many would reduce the continuity of the search space and would therefore make for an unnecessarily di cult optimization task. For this reason, these two terms are added to aid in optimization of the more primitive overflow and out of section terms.
The nal way in which the speci c terms of Table 2 vary from the general criteria in Table 1 is in the implementation of the num pages criterion. Rather than penalizing ller merely by adding a cost proportional to the number of pages used in the layout, we treat bubble and padding costs separately. Bubbles have a more dramatic e ect on overall compactness of a layout as they cannot bevaried directly and uniformly, since they arise as a side e ect of the overall ad placement. Padding, on the other hand, is directly controllable in the representation. Consequently, we penalize bubble area more than padding area. As bubbles and padding are the only types of ller, minimizing these two minimizes pages. A nal note is pertinent on treatment o f w asted space on the last page of a layout. Since the material that ends up on on the last page of a layout will be reconsidered as the starting material for the next window of material, the layout of this material will not beused, and its compactness is of no import to the eventual overall layout quality. A similar argument holds for the layout of the last page on the last window. Consequently, there is no reason to penalize wasted space on the nal page of a l a yout, and the notion of area" used in the computation of the bubble and padding criteria excludes the area of bubbles and padding on the nal page.
Search algorithm
Given a way of representing candidate solutions, we can use a stochastic search method such as random descent, simulated annealing, or a genetic algorithm to navigate the space in search of goodsolutions. All these methods operate by starting with an initial solution or solutions and then perturbing or recombining the solutions to generate new ones. The particular search method we used was a variant of simulated annealing 8, 1 6 . Starting with an initial solution, the solution is perturbed and the generated solution is kept if better than the previous solution, and kept with diminishing probability if worse. When convergence A cost proportional to the amount by which the padding for each column on a page di ers from the average amount of padding per column for that page. 0:3 area Table 2 : An objective function for the canonical version of YPPL. Indented terms replace or augment the terms immediately above them.
Data Initial Values Page ads
The initial numberof pages is chosen to bethe number needed to hold all the text and ads, plus 2-6. Ads are evenly distributed over these pages according to area, while maintaining the overall ad-stream order. Ad columns Uniform random choice. Padding allotments 0.0 for every page is reached, the process is terminated. Figure 3 contains a pseudocode description of our particular variant of simulated annealing. It should be noted that it is our expectation that the particular stochastic search method is far less important than the search space representation used. See, for instance, the discussion by 15 .
The search starts with the initial candidate solution described in Table 3 . To generate neighboring solutions we use the perturbation operators described in Table 4 . In addition to the shift operator, we tried combinations of several other operators for modifying the ad-stream page breaks. These operators included:
join: Delete a randomly chosen page break. split: Add a page break at a randomly chosen location in the ad stream. shrink: Increment by one the places in the ad stream of a randomly chosen page break and all subsequent page breaks. However, lengthy experimentation led us to the conclusion that the shift operator alone was most e ective.
Empirical Tests

Results data
We tested the algorithm described above using 46:25 pages' worth of data collected from a published commercial telephone directory. The e ect is that padding allotments are themselves chosen from the range 0; A = 4 , that is, less than one column, with preference for smaller allotments. Table 4 : Perturbation operators.
0.3
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Figures 4 through 6 plot objective-function scores using the objective function from Table 2 against the number of iterations one candidate solution is formulated and evaluated per iteration for 20 runs of the algorithm, all seeded with di erent random numbers. One million iterations of the algorithm on this data set requires approximately two hours on a DEC 3000 400 AXP workstation. To render the objective-function scores more meaningful, Tables 5 through 7 show how the raw scores relate to the three most relevant measures of pagination and layout worth: the numberof pages required for simplicity the last page is counted, even if it is not full; the number of ads that were placed out of their respective sections; and whether or not any pages had over owing ads. The comparable values from the telephone directory are 47 pages, zero ads out of section, and, of course, no page over ow. 4 The results in Tables 5 through 7 suggest that distributing the ads over 42 pages initially is too optimistic. Although this gives the two best layout scores, the yield," or number of satisfactory solutions, is higher for both the 43-page and 44-page distributions: 60 and 70 of the solutions, respectively, satisfy all the constraints and are more compact than the published directory solution. This contrasts with a 20 yield for the 42-page distribution. We therefore recommend distributing the ads initially over the minimum numberof pages required plus 4, which in this case rounds up to 43 pages. ller is drawn in lightest gray; regular text entries are in medium gray; section headers are in darkest gray; and the numbers indicate the correspondences between ads and section headers. The distribution of ads with respect to their section starts for this solution and for the directory solution is tabulated in Table 8 . 6 Even though this solution improves greatly on the published directory solution, manual 3 The development data set came from pp. 1385-1435 of 10 , 46:25 pages that run roughly from Restaurants" to Rubbish & Garbage Removal," excluding the Restaurants a la carte" section, which is a special four-page insert that is not in standard YP format. It comprises 3,450 entries and 159 ads, whose combined area takes up 39:3 pages. Allowing 2-6 for ller therefore gives a range of 40-42 pages over which to distribute ads initially. 4 The values for the directory layout of the development data set were the same: 47 pages, no ads out of section, and no over ow. The computed results for the development data set are given in the following 5 The corresponding number for the development data set was 41 pages. 6 The corresponding numbers for the best result with the development data set were an average of 2:72 pages away from the section start for the computed layout, and an average of 4:01 pages away for the directory layout. 
Alternative Methods
A variety of representations were devised and tested for the YPPL problem before arriving at the one described above. In x 3.2, we discuss some of the alternative operators tested.
In addition, experiments using an ad-stream representation that encoded a page directly for each ad rather than indirectly through ad-stream page breaks was also tried, with corresponding appropriate operators. Although this performed far better than the fully direct representation, it underperformed the ad-stream page-break representation described above. We also addressed the e cacy of simulated annealing in relation to a simpler hill-climbing search strategy in a series of experiments reported here. By substituting the following parameter values into the pseudocode given in Figure 3 and FrozenLimit = 50. Unlike simulated annealing, hill climbing will never accept a perturbation that results in a worse solution. Figure 11 plots objective-function score against the number of iterations for 20 runs of the algorithm. Comparison with the graph in Figure 5 shows that hill climbing is prone to nding extremely poor local minima, and is consequently inferior to simulated annealing for this application.
